In higher eukaryotes, the origin recognition complex (ORC) lacks sequence-specific DNA binding, and it remains unclear what other factors specify an origin of DNA replication. The EpsteinBarr virus origin of plasmid replication (OriP) recruits ORC, but the precise mechanism of ORC recruitment and origin activation is not clear. We now show that ORC is recruited selectively to the dyad symmetry (DS) region of OriP as a consequence of direct interactions with telomere repeat factor 2 (TRF2) and ORC1. TRF-binding sites within DS stimulate replication initiation and facilitate ORC recruitment in vitro and in vivo. TRF2, but not TRF1 or hRap1, recruits ORC from nuclear extracts. The aminoterminal domain of TRF2 associated with a specific region of ORC1 and was necessary for stimulation of DNA replication. These results support a model in which TRF2 stimulates OriP replication activity by direct binding with ORC subunits.
INTRODUCTION
Origins of eukaryotic DNA replication are regulated spatially and temporally to complete chromosome duplication once in a single cell cycle (Raghuraman et al, 2001; Weinreich et al, 2004; Blow & Dutta, 2005) . These origins are recognized by the origin recognition complex (ORC), which orchestrates the formation of a multi-protein pre-replication complex (Bell, 2002; Bell & Dutta, 2002; DePamphilis, 2003; Mendez & Stillman, 2003; Diffley, 2004; Prasanth et al, 2004) . The mechanism of origin-siteselection by ORC is not completely understood. In Saccharomyces cerevisiae, ORC can bind in an ATP-dependent manner to a specific 11 bp sequence found in many autonomous replicating sequences (Bell & Stillman, 1992) . In Schizosaccharomyces pombe, the ORC binds to AT-rich sequences in replication origins through an AT-hook domain unique to the S. pombe ORC4 subunit (Chuang & Kelly, 1999) . However, in higher eukaryotes, ORC lacks sequence-specific DNA-binding activity, and the factors that specify ORC binding at chromosomal sites and stimulate DNA replication initiation remain elusive (Stillman, 2001; Wyrick et al, 2001; Gilbert, 2004; Cvetic & Walter, 2005) . Studies in Drosophila have shown that ORC can be directed to a replication origin by sequence-specific DNA-binding proteins, such as Dm-myb (Beall et al, 2002) , and to heterochromatin by interactions with heterochromatin protein 1 (HP1; Pak et al, 1997) . In more complex vertebrates, ORC binding and origin selection seem to be regulated by poorly understood epigenetic factors (McNairn & Gilbert, 2003) .
The Epstein-Barr virus (EBV) origin of plasmid (OriP) replication contains an B120 bp element, referred to as the dyad symmetry (DS), which has been shown to recruit ORC in vivo Dhar et al, 2001; Schepers et al, 2001; Ritzi et al, 2003; Wang & Sugden, 2005) . The DS binds the ORC and minichromosome maintenance (MCM) proteins, and is controlled by cell-cycle licensing factors that include geminin and cdt1 Dhar et al, 2001; Schepers et al, 2001) . OriP-dependent DNA replication also requires EBV nuclear antigen 1 (EBNA1), the EBV-encoded origin-binding protein. EBNA1 binds to several regions of the EBV genome, but initiates replication only at DS, in which the binding sites are spaced precisely 21 bp from centre to centre (Bashaw & Yates, 2001) . EBNA1 can co-immunoprecipitate with the ORC subunits in nuclear extracts, but no direct physical interaction between EBNA1 and the ORC subunits has been described (Schepers et al, 2001; Ritzi et al, 2003) . In addition to EBNA1-binding sites, the OriP minimal replicator contains three telomere repeat factor (TRF)-binding sites, which flank the EBNA1 21-bp spaced sites (Niller et al, 1995; Deng et al, 2002 Deng et al, , 2003 . Mutation of TRFbinding sites reduces OriP replication activity, but the precise function of TRFs at OriP remains unclear (Vogel et al, 1998; Deng et al, 2002 Deng et al, , 2003 Julien et al, 2004) . It is also not known how ORC is specifically recruited to the DS region of OriP. Here, we show that TRF2 has a direct role in the recruitment of ORC to the DS region of OriP.
RESULTS AND DISCUSSION
To investigate the DNA sequence requirements for ORC recruitment, we compared the ability of three different EBV genome fragments containing EBNA1-binding sites to recruit ORC using a DNA affinity purification assay in vitro (Fig 1) . EBNA1 binds to at least three different high-affinity sites in the EBV genome ( Fig 1A) . The family of repeats (FR) and DS comprise the maintenance and replicator elements of OriP, whereas the Qp-binding sites function in transcription regulation (Leight & Sugden, 2000) . Raji cell nuclear extracts were incubated with magnetic beads coupled to DNA fragments containing the EBNA1-binding sites from DS, FR, Qp or control vector sequence BKS, and analysed by western blot for the recruitment of ORC2 (Fig 1B) . We found that ORC2 bound predominantly to the DS DNA and only very weakly to FR; ORC2 did not bind to Qp or BKS DNA. The same binding pattern was observed with TRF2. In contrast, EBNA1 bound most abundantly to FR, followed by DS and Qp, with no detectable binding to BKS. These results indicate that ORC binding correlates with replication function, and that EBNA1 binding by itself is not sufficient for ORC recruitment to FR or Qp.
To explore the possibility that the telomere repeats contribute to ORC recruitment at DS, we compared wild-type DS (DS wt), DS with substitution mutations in all three telomere repeats (also referred to as nonamer repeats; DS nm À ) or control vector sequence (BKS; Fig 1C) . Bound proteins were analysed by western blotting with antibodies to EBNA1, TRF2, hRap1, TRF1, ORC2 or proliferating-cell nuclear antigen (PCNA). We found that ORC2 bound to DS wt but not to DS nm À or BKS, indicating that telomere repeats were required for ORC recruitment in vitro. As expected, EBNA1 bound to DS wt and DS nm À but not to control BKS DNA. Telomere repeat-binding factors TRF2, hRap1 and TRF1 bound to DS wt but did not bind to DS nm À or BKS DNA, which lack telomere repeats. As a control for specificity, PCNA did not bind to any of these DNA fragments tested. Essentially identical results were observed when DNA affinity was measured using a minimal replicator sequence containing only two EBNA1-binding sites surrounded by two TRF sites (Fig 1D) . These results indicate that ORC binds to a minimal replicator element and is dependent on telomere repeats for stable recruitment in vitro.
Previous studies by others and ourselves have shown that telomere repeats contribute to the replication activity of DS in the context of other OriP sequence, including FR. We now demonstrate that the telomere repeats stimulate replication activity of the OriP minimal replicator by B2.2-fold (Fig 2A) . We next assessed, by chromatin immunoprecipitation (ChIP) assay, whether substitution mutations in the telomere repeats abrogated protein assembly at DS in vivo (Fig 2B) . We found that Fig 1A online ). ORC and MCM recruitment to OriP was next examined in cells in which TRF2 and EBNA1 were depleted by small hairpin (sh) RNA (Fig 2C) . We have previously shown that shRNA depletion of TRF2 inhibits OriP-dependent DNA replication (Deng et al, 2003) . ChIP assays showed that shRNA depletion of TRF2 caused B2.4-fold reduction in TRF2 binding, and a similar fold loss of ORC2 and MCM3 from DS (Fig 2C) . TRF2 depletion caused a small loss of EBNA1 binding (B1.2-fold), supporting the idea that TRF2 cooperatively binds with EBNA1 at DS. Similar results were observed for shRNA depletion of EBNA1. No specific binding of EBNA1, TRF2, ORC2 or MCM3 was observed at the control OriLyt region of the EBV genome (supplementary Fig 1C online) . These results indicate that TRF2 depletion leads to a specific loss of ORC2 and MCM3 binding to the DS region of the EBV episome in latently infected cells.
To determine whether one of the three well-characterized telomere repeat proteins is capable of binding to ORC, we expressed and purified TRF2, hRap1 and TRF1 as glutathione S-transferase (GST) fusion proteins from Escherichia coli (Fig 3A) and assayed for their ability to bind to ORC2 from Raji nuclear extracts (Fig 3B) . We found that GST-TRF2 bound to ORC2 significantly better than GST-TRF1, GST-hRap1 or GST alone (Fig 3B) . Ethidium bromide (EtBr), which disrupts nonspecific DNA bridging, did not inhibit the association between ORC2 and GST-TRF2 (Fig 3B) . We next determined whether TRF2 and ORC2 form a stable complex in vivo, using immunoprecipitation (Fig 3C) . We also tested whether EBNA1 was a stable component of this complex, as we found evidence for cooperative binding of TRF2 and EBNA1 in vivo (Fig 2) and an ability of these two proteins to interact in vitro (supplementary Figs 2,3 online). We found that antibodies to EBNA1 co-immunoprecipitated with ORC2 and TRF2, but antibodies to TRF2 co-immunoprecipitated with only ORC2, suggesting that TRF2 associates with ORC in complexes both with and without EBNA1 (Fig 3C) . To further test this possibility, we compared the co-immunoprecipitation of TRF2 with ORC2 in EBNA1-positive Raji cells and EBNA1-negative HeLa cells (Fig 3D) . ORC2 was detected in the TRF2 immunoprecipitates from both cell types, indicating that a stable complex exists between ORC2 and TRF2, which is independent of EBNA1 protein or OriP DNA. GST-TRF2 was also capable of binding to a partially purified FLAG-ORC2 complex (Fig 3E) , suggesting that TRF2 binds to ORC subunits directly or through proteins that are tightly associated with ORC2 in human cells. These findings suggest that TRF2 is the telomere protein involved in ORC recruitment to DS.
To identify a subdomain of TRF2 responsible for ORC recruitment, we fused TRF2 subfragments to GST and assayed their ability to bind to ORC2 from HeLa nuclear extracts (Fig 4) . All of the GST-TRF2 truncation mutants were expressed and purified to similar levels (Fig 4B) . GST-TRF2 (2-454) lacking the myb DNA-binding domain or GST-TRF2 (2-90) lacking the DNAbinding and homodimerization domain bound to ORC2 similarly to full-length GST-TRF2 (Fig 4A) . Mutants lacking the amino (N)-terminal basic domain, including TRF2 (45-500), TRF2 (45-454), TRF2 (245-454) and TRF2 (245-500), failed to bind to ORC2 (Fig 4A) . These findings indicate that the N-terminal region (amino acids (aa) 2-90) of TRF2 is necessary and sufficient for recruiting ORC2 from HeLa nuclear extracts (summarized in Fig 4C) .
To determine whether ORC recruitment by TRF2 is important for OriP replication, we analysed the effect of TRF2 deletion mutants on OriP DNA replication. The deletion mutant TRF2DBDM, which lacks the N-terminal basic (B) and myb (M) DNA-binding domain, has been shown to function as a dominantnegative inhibitor of native TRF2 (van Steensel et al, 1998) and inhibit OriP DNA replication (Deng et al, 2003) . We now show that transient overexpression of TRF2DB, which lacks the basic N-terminal domain and is incapable of binding to ORC, inhibits OriP DNA replication similar to TRF2DBDM (Fig 4D,E) . This suggests that the ORC recruiting function of TRF2 N terminus is essential for OriP replication.
We next set to determine whether TRF2 basic region can bind directly to any subunit of ORC (Fig 5) . Previous studies have Origin specification by TRF2 C. Atanasiu et al shown that ORC1 physically interacts with a basic motif in the AIF-C1 repressor/origin-binding protein at the rat aldolase B gene (Saitoh et al, 2002) . AIF-C1 was found to interact with a small region (aa 210-239) between the conserved BAH and ATPase domain of ORC1 ( Fig 5A) . As the TRF2 N-terminal domain basic region shares some common features with AIF-C1, we tested whether a similar region of ORC1 also bound to TRF2. We first expressed and purified GST, GST-ORC1(1-200), and GST-ORC1(512-862) from E. coli (Fig 5B) , and assayed these purified proteins for their ability to bind to native TRF2 from Raji nuclear extracts (Fig 5C) . We found that GST-ORC1(201-511) bound to TRF2 strongly, whereas GST, GST-ORC1(1-200), and GST-ORC1(512-862) had little detectable binding. As a negative control, PCNA was detected in the input but did not bind to any of the GST-ORC1 fusion peptides ( Fig 5C, lower panel) . To determine whether the interaction between TRF2 and ORC1 was direct, we purified a hexahistidine (H6)-tagged ORC1 (201-511) and assayed it for specific binding to purified GST or GST-TRF2 (13-47; supplementary Fig 4A online) . We found that GST-TRF2 (13-47) bound to H6-ORC (201-511) efficiently, whereas GST had no detectable binding (supplementary Fig 4B online) . These data indicate that purified fragments from TRF2 N terminus (aa 13-47) can bind to a purified fragment of ORC1 (aa 201-511), and suggest that the TRF2 recruitment of ORC is mediated, in part, by this direct protein interaction. The functional significance of this interaction was investigated by overexpressing the ORC1 fragment (aa 201-511) and assaying its effect on OriP DNA replication (Fig 5D) . We found that ORC1 (aa 201-511) inhibited OriP replication by B3-fold. Overexpression of ORC1 (aa 201-511) had no observable effect on cell cycle progression, and therefore was unlikely to inhibit OriP by indirectly blocking cellular DNA synthesis (data not shown). This result was similar to that observed by overexpression of TRF2DB (Fig 4D) , and suggests that disruption of ORC recruitment to DS by overexpression of truncated forms of TRF2 or ORC1 can block OriP replication. ORC recruitment is an essential and early event in the establishment of a eukaryotic replication origin (Bell & Dutta, 2002) . Stable recruitment of ORC to a specific DNA sequence may be sufficient to establish a replication origin, as fusion of ORC1, ORC2 or CDC6 to the GAL4 DNA-binding domain confers origin functions to a plasmid containing five GAL4-binding sites (Takeda et al, 2005) . Our findings are consistent with this model, as origin activity correlates well with ORC recruitment to DS. However, the mechanism of ORC recruitment to DS may be complex. It is well established that replication activity of DS is dependent on EBNA1 (Leight & Sugden, 2000) , and that EBNA1 can form a stable immunoprecipitable complex with ORC Origin specification by TRF2 C. Atanasiu et al subunits (Schepers et al, 2001; Ritzi et al, 2003) . However, EBNA1-binding sites at FR and Qp do not recruit ORC and do not initiate DNA replication. It is also known that the spacing of EBNA1 sites at DS is crucial for replication activity and that EBNA1 induces DNA bending at DS (Yates et al, 2000; Bashaw & Yates, 2001) . Our data indicate that TRF2 enhances EBNA1 binding to DS in vivo (Fig 2B-E ) and in vitro (Deng et al, 2002 (Deng et al, , 2003 . We have shown here that TRF2 can bind to ORC1 directly. However, we also found that EBNA1 can bind to TRF2 directly, and that the RGG-like domain of EBNA1 (aa 330-380), which is essential for DNA replication function, mediates an interaction with the TRF2 dimerization domain (aa 45-250; supplementary Figs 2,3 online; Sears et al, 2004) . Thus, it is likely that EBNA1 and TRF2 function cooperatively to provide a highly stable interaction surface for ORC recruitment to DS and that no single factor is sufficient for stable origin formation. TRF2 has a central role in telomere length maintenance and end protection (de Lange, 2004) but has no known function in DNA replication or origin formation. ORC has a fundamental role in DNA replication and origin formation, and may also be important in chromatin structure (Bell, 2002) . How the interaction between TRF2 and ORC that we have described in this work affects TRF2 function at telomeres remains to be determined. We found that the TRF2 basic N-terminal domain can bind directly to ORC1. Previous studies have shown that overexpression of TRF2 lacking this domain (TRF2DB) causes a loss of telomere repeat length and generates telomere circles (Wang et al, 2004) . At DS, TRF2DB overexpression inhibits DNA replication. It will be important to determine whether TRF2 can recruit ORC to telomeres, and whether the telomere defect caused by TRF2DB overexpression is a consequence of a failure to interact with ORC. It is also possible that TRF2 interaction with ORC is important for chromatin structure at OriP, as well as at cellular telomeres.
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METHODS
D98/HR1 and ZKO-293 (gift from H.-J. Delecluse) are EBV genome-positive adherent cell lines. Raji is an EBV-positive Burkitt's lymphoma suspension culture cell line. HeLa N2 and 293 HEK cells are EBV-negative adherent cell lines. Plasmids containing DS (1 þ 2) and DS (1 þ 2) nm À were generated by cloning a 72 bp oligonucleotide DS (1 þ 2) or DS (1 þ 2) nm À fragment into the BamHI/HindIII site of pBluescript-KS vector. pCMV-FLAG-TRF2 (aa 1-500) and pCMV-FLAG-TRF2DB (aa 45-500) were cloned into HindIII-BamHI sites of p3xFLAG-CMV (Sigma-Aldrich, MO, USA). PCMV-FLAG-ORC2 was generated by PCR amplification of ORC2 complementary DNA and cloning into the BglII-Asp718 site of p3xFLAG-CMV. GST-hRap1, GST-TRF1, GST-TRF2 and ORC1 truncation mutants were generated by PCR amplification and subcloning in the pGEX-2T vector (Amersham Biosciences, Piscataway, NJ, USA). ORC1 subdomains containing amino-acid residues 1-200, 201-511 and 512-862 were subcloned as BamHI-HindIII fragments into pRSETA in-frame with hexahistidine N-terminal tag (Invitrogen, CA, USA). Further details with regard to plasmids are available on request. DNA affinity pull-down assays have been described previously (Deng et al, 2002; Atanasiu et al, 2005) . DNA replication assay, ChIP assays, GST interaction assays and transfection protocols have been described previously (Deng et al, 2002) . Detailed methods for the above assays and additional experimental details are included in the Supplementary materials available online. Supplementary information is available at EMBO reports online (http://www.emboreports.org). Origin specification by TRF2 C. Atanasiu et al
